16 17 1. Vertebrates exhibit diverse visual systems that vary in terms of morphology, number and 18 distribution of spectrally distinct photoreceptor types, visual opsin genes and gene 19 expression levels. 20 2. In fish, such adaptations are driven by two main factors: differences in the light environment 21 and behavioural tasks, including foraging, predator avoidance and mate selection. Whether 22 visual systems also adapt to small-scale spectral differences in light, between microhabitats, 23 is less clear. 24
Introduction
Animal visual systems are functionally diverse, with differences at the morphological and expression of the different opsin genes (reviewed in Carleton et al., 2016) . The suite of spectral 80 sensitivities a fish possesses at any one time may also be plastic, with adaptations to changing 81 visual demands over environmental and/or ontogenetic, or other time scales observed in several 82 species (reviewed in Carleton et al., 2016; Marshall et al., 2018) . 83 84 Visual systems adapt to large-scale lighting differences due to habitat depth, season or type 85 (Lythgoe, 1979; Lythgoe et al., 1994; Muntz, 1982) . In addition, it is hypothesized that fish vision 86 may also be tuned to smaller-scale differences in light -between microhabitats (Lythgoe, 1979; 87 Marshall et al., 2003) . This idea, however, has not been tested rigorously (Cummings and Partridge, 88 2001; Sabbah et al., 2011) . It remains to be tested, for example, whether this phenomenon may 89 contribute to visual system diversification among fishes living on coral reefs, one of the most 90 diverse ecosystems on earth, where habitat partitioning is particularly common (reviewed in 91 Williams, 1991) . 92 93 Here, in order to control for potentially confounding factors like phylogenetic constraint, we 94 focused on a group of closely related reef fishes with remarkable visual system diversity, the 95 Johnson, 1990) where they carry out social behaviours, such as pair formation and mating 100 (Kuwamura, 1983; Kuwamura, 1985; Saravanan et al., 2013) . A previous survey of seven species 101 found that in these multi-species aggregations fish display strict microhabitat partitioning among 102 the same diurnal refuge sites, with some species found predominantly outside, and others within or 103 below coral structures (Gardiner, 2010) . 104 different microhabitats were determined to gain additional insight into these fishes' adaptations to 115 their environment. Finally, visual system diversity was also tested for correlation with cardinalfish 116 feeding ecology and activity period. 117 118
Materials and Methods

119
Microhabitat use assessment 120
Underwater visual surveys were conducted on SCUBA to determine microhabitat use of 23 121 cardinalfish species (Fig. 1a , Table 1 ) on reefs surrounding Lizard Island (14º 40'S, 145º 28'E), 122
Great Barrier Reef, Australia. Fish counts were conducted between 6.30 am and 4 pm, from 3-14 123
March 2017. Data for Apogonichthyoides melas and Pterapogon cf. mirifica was taken from counts 124 between 10 Feb. and 20 April 2015, as these species were not found during counts in 2017. Counts 125 were performed as spot-counts at 111 sites distributed over eight different locations, with a site 126 defined as a separate coral head, outcrop or boulder located > 5 meters apart ( Fig. 1b ). When a site 127 was encountered, we approached slowly and waited for several minutes to ensure fish behaviour 128
The standard length (SL) of each individual was measured, eyes were removed from the 149 socket and the horizontal eye diameter was measured to the nearest 0.1 mm using callipers. After 150 removal of the cornea, the lens was extracted and its diameter measured (Table S1 ). Species were 151 identified based on morphology and colouration and, where possible, subsequently confirmed via 152 RNA-sequencing and by cross-referencing COI-sequences to public databases (boldsystems.org) 153 (Luehrmann et al., 2019) . 154 155 For analyses, relative eye size, lens diameter, eye diameter and standard length were log10 156 transformed. As the ratio between lens diameter and eye diameter was highly proportionate 157
[phylogenetic least squares regression (PGLS), F1,21=367.9, r 2 =0.94, p<0.001; Fig. 3a ], further 158 comparative analyses were performed on eye diameters only. Relative eye size was calculated as 159 the ratio of log10 eye diameter to log10 standard length. As data was non-normally distributed 160 (Shapiro-Wilk, w=0.981, p=0.03), analysis of variance for the entire data set was performed using a 161
Kruskal-Wallis test. Differences between cardinalfish relative eye sizes on the genus level were 162 identified through post-hoc pairwise comparisons [Dunn-test; (Dunn, 1961) ]. To account for 163 multiple comparisons, p-values were adjusted using a Bonferroni corrections (Table S2) . Genera for 164 which three or fewer individuals were measured were omitted from the analysis (Table S1) . Table S3 for a summary of counting parameters). For ganglion cell analysis, 181 displaced amacrine cells were included in the counts as they were difficult to distinguish from 182 ganglion cells based on morphological criteria alone. The inclusion of amacrine cells in the analysis has previously been shown not to influence the overall topography of fish retinae (e.g. Collin and 184 Pettigrew, 1988c). Topographic maps were constructed using R v3.1.2 (R Core team, 2014) with 185 the results exported from StereoInvestigator according to Garza-Gisholt et al. (2014) . The upper 186 limit spatial resolving power (SRP), expressed in cycles per degree (cpd), was estimated for each 187 individual using the ganglion cell peak density as described by Collin and Pettigrew (1989) . Note 188 that, since amacrine cells were included in the ganglion cell counts, SRPs will be slightly 189 overestimated. 190
191
Opsin gene expression, activity patterns and foraging mode 192
We used proportional opsin gene expression data from our previous work on 26 cardinalfish 193 species collected from the same locations (Luehrmann et al., 2019, Table S5 ). These included all of 194 the species used for microhabitat partitioning analysis (Table 1) and those for which relative eye 195 sizes and retinal topography maps were obtained (Tables S1, S3). We also characterised each 196 species as being nocturnally or diurnally active, and their foraging mode as exclusively 197 benthivorous, benthivorous and planktivorous, or exclusively planktivorous based on previously 198 published research (see Table S5 for references). 199
200
Phylogenetic comparative analyses 201
We tested whether the ecological parameters (microhabitat use, feeding mode, activity 202 period) correlated with visual system design (relative eye size, proportional opsin gene expression) 203 of cardinalfishes using PGLS. For comparative analyses, we used the cardinalfish phylogeny from 204 Luehrmann et al. (2019) . Each predictor was independently tested against each dependent variable 205 and no correlations between predictors were assessed due to different sample sizes. To account for 206 multiple testing, p-values were adjusted using Bonferroni corrections: for eight tests each in the 207 cases of proportional opsin gene expression versus microhabitat and feeding mode, respectively; 208 and for seven tests each in the cases of proportional opsin gene expression versus activity period 209 and versus relative eye size, respectively ( 
Results
213
Microhabitat distribution 214
We found marked variability in abundance and microhabitat distribution among different 215
Ostorhinchus compressus), while others showed more generalist microhabitat preferences (e.g., 218
most Cheilodipterus and Ostorhinchus species) ( Fig. S1 ). 219 220 Hierarchical cluster analysis revealed that cardinalfishes can be broadly classified into six 221 habitat specialisation clusters ( Fig. 2a ), based on the microhabitat(s) they were most frequently 222 found in (Fig. 2b) . Cluster 1 contained only R. gracilis, which was exclusively found away from, 223 but within 1-2 m of, the reef structure in midwater (microhabitat A; bootstrap, p<0.01). Cluster 2 224 contained species (Fibramia thermalis, Zoramia viridiventer) found mostly exposed, but located 225 close to structure, e.g. hovering above the tips of branching corals (microhabitat A or B, p<0.01). 226
Cluster 3 consisted of species of the genera Taeniamia, Ostorhinchus, Cheilodipterus and Zoramia 227 that were predominantly exposed, but were sometimes found in cover (microhabitat B, sometimes 228 A or C, p<0.01). Cluster 4 consisted of species (Ostorhinchus cookii, O. compressus and O. 229 doederleini) that were found predominantly in cover, either at the bottom of corals underneath 230 branches, beneath rock ledges, or between the tips of branching corals (microhabitat C, p<0.01). 231
They were, however, easily spotted from outside. Cluster 5 comprised species (Pristiapogon 232 exostigma, O. nigrofasciatus) that were always hidden, e.g. under ledges, between coral branches, 233 or inside caves, where they were sometimes hard to spot (microhabitat C or D, p<0.05). Finally, 234 cluster 6 comprised species found exclusively hidden inside the reef matrix, mostly deep inside 235 branching corals (Nectamia savayensis, N. fusca; microhabitat D, p<0.05). 236 237
Relative eye size 238
Eye diameter was proportional to body size (PGLS, F1,21=85.11, r 2 =0.79, p<0.001), but 239 showed considerable variation between species (Kruskal-Wallis, χ 2 =116.434, df=10, p<0.001; Fig.  240 3b, see Table S1 for an overview of morphometric measurements). Post-hoc pairwise comparisons 241 of relative eye size at the genus level furthermore revealed three distinct size categories in this 242 family ( Fig. 3c , Table S2 p=0.035) due to the broad range of eye sizes in these groups. R. gracilis had the smallest eyes 249 overall, even when compared to the Zoramia (z=-4.373, p<0.001) and Taeniamia (z=-4.628, 250 p<0.001) species, which had the second smallest relative eye sizes. Apogon crassiceps appeared to 251 have even smaller eyes, however, as only three specimens were sampled, this species was omitted from the analysis. In summary, species that have intermediate sized eyes showed greater variability 253 than species with consistently large or consistently small eyes ( Fig. 3 , Tables S1, S5). 254 255 Microhabitat partitioning correlated with relative eye size (PGLS, F5,11=7.66, p=0.02; Fig.  256 5d, Table S6 ). Relative eye size showed a positive correlation to decreased microhabitat exposure, 257 with R. gracilis (microhabitat A) having the smallest, and N. savayensis and N. fusca (microhabitat 258 D) having the largest eyes. Interestingly, species occurring predominantly in both completely 259 hidden (microhabitat D) and partially hidden (microhabitat C) microhabitats (cluster 5), had 260 surprisingly small eyes (P. exostigma, O. nigrofasciatus; Fig. 5d ). Relative eye size showed no 261 significant correlation to either activity period or feeding mode (Table S6) Table S5 ) and species mainly differing in 292 activity pattern had similar topographies (e.g. O. cyanosoma and O. doederleini; Fig 4, Table S5 ). 293
However, topography and feeding mode seemed to correlate, with pure planktivores having an area 294 temporo-centralis (R. gracilis, T. fucata), while generalists (i.e., benthic and pelagic feeders) 295 possessed streaks (O. cyanosoma, O. doederleini; Fig. 4 , Table S5 ). Moreover, the type of 296 specialisation appeared to follow the phylogeny, with closely related species having similar retinal 297 topographies ( Fig. S3) . 298
299
Total cell numbers and densities of both ganglion cells and photoreceptors varied between 300 species, but appeared to be of similar order of magnitude (Table S4 ). Peak ganglion cell density 301 ranged from 8,289 cells/mm 2 in T. fucata to 23,051 cells/mm 2 in R. gracilis. However, spatial 302 resolving power was similar in the three species assessed, with an average of 7.6 cycles per degrees. 303 304
Opsin gene expression 305
We found that SWS2B (PGLS, F5,11=9.283, p=0.009), RH2A (F5,11=10.31, p=0.006) and 306 LWS (F5,11=11.17, p=0.004) cone opsin expression, and the rod-opsin to cone-opsin ratio 307 (F5,11=20.37, p<0.001) correlated with microhabitat partitioning (Fig. 5c , Tables S5, S6 ). LWS was 308 highly expressed in Nectamia species, and, at lower levels, in Fibramia, but in virtually no other 309 species. Therefore, LWS expression appeared to be high in species exclusively occupying hidden 310 microhabitats (microhabitat D). SWS2B, in contrast, was highly expressed in species exclusively 311 occupying exposed microhabitats (microhabitat A, R. gracilis; microhabitat B, Z. viridiventer). 312 RH2A, while expressed in all species, showed the highest expression (> 80% of double cone gene 313 expression) in species occupying in-between microhabitats (clusters 2 -5). RH1 expression 314 correlated negatively with microhabitat exposure, and thus was lowest in R. gracilis, followed by F. 315 thermalis and Z. viridiventer. However, in all remaining species, RH1 expression was nearly 316 identical and accounted for > 90% of total opsin expression ( Fig. 5c , Table S5 ). Activity period, 317 feeding mode and relative eye size were not significantly related to any opsin expression profiles 318 tested (Table S6) . 319
Discussion
321
Our results show that microhabitat partitioning among different cardinalfish species 322 correlates with adaptations in their visual systems. Specifically, we found that a reduction in 323 relative eye size, and therefore light sensitivity, was present in species from exposed microhabitats 324 compared to species found hidden in the substrate. Opsin gene expression was also related to 325 microhabitat use, with exposed species expressing a shorter-wavelength-shifted and hidden species 326 expressing a longer-wavelength-shifted cone opsin palette, probably reflecting each microhabitat's 327 light colour (Fig. 5b ). As to whether microhabitat partitioning could also explain differences in 328 retinal neural cell topography, our results were inconclusive. Instead, a possible link between retinal 329 topography and feeding mode was identified. 330 331 However, these trends were driven mainly by the few species showing extreme forms of 332 adaptations to light conditions in microhabitats situated at the extreme ends of the light intensity 333 and colour spectrum (microhabitats A and D). Most other species fall somewhere in between, with 334 visual systems that seem suited to a broader colour and intensity range (see Figure 2 ). Since 335 selection pressure is expected to be relaxed under those conditions, phylogenetic inertia may play a 336 major role in shaping the visual systems in in-between cardinalfishes. This is also supported by the 337 strong phylogenetic signal (Pagel's λ) when correlating relative eye size, SWS2B expression and 338 LWS expression with microhabitat (Table S6) . 339
340
Microhabitat partitioning behaviour occurs in many animals due to resource competition, 341 such as for food, suitable mating sites, or shelter from predators (e.g., Ross, 1986) . With few 342 exceptions, most cardinalfish species forage nocturnally and away from their diurnal refuge sites 343 (Barnett et al., 2006; Marnane and Bellwood, 2002) . For these species, partitioning at their diurnal 344 refuge sites is unlikely to be due to competition for food. An exception can be found in species with 345 increased expression of violet opsin (SWS2B) that also occur in exposed microhabitats and feed 346 diurnally (R. gracilis). They may benefit from shorter-wavelength-shifted visual systems compared 347 to other species (Luehrmann et al., 2019) in feeding contexts in midwater microhabitats as UV-348 sensitivity can aid planktivory (e.g. Flamarique, 2016). Moreover, R. gracilis showed decreased 349 expression of rod opsin (RH1), which supports its diurnal lifestyle. With the exception of R. The relationship of eye sizes to habitat exposure and brightness found here, with species 392 occupying the most sheltered and dimmest microhabitats having the largest eyes and species 393 occupying the least sheltered and brightest microhabitats having the smallest eyes, is consistent 394 with previous studies in fishes (Schmitz and Wainwright, 2011) , and confirm the importance of 395 light availability as a driver of eye size evolution. However, some species (P. exostigma, O. 396 nigrofasciatus) found in both completely (microhabitat D) and partially hidden microhabitats 397 (microhabitat C) had surprisingly small eyes, suggesting that other factors, such as phylogeny 398 (Table S6, between microhabitat type and retinal topography in cardinalfishes could be explained by several 406 factors: 1) we focused on the cone topography, but many of the species studied here are nocturnal 407 and therefore may rely more on their rod photoreceptors; 2) habitat partitioning in this study was 408 only assessed during the day and no data is available on habitat partitioning at night. Hence, it is 409 possible that a correlation between microhabitat partitioning and retinal topography exists, but that 410 it was missed due to different activity periods of species; 3) retinal topography in cardinalfishes 411 may carry a strong phylogenetic signal ( Fig S3) . A phylogenetic constraint in retinal topography 412 was first suggested in mammals (Stone 1983) Our findings suggest that microhabitat partitioning is a contributing factor to visual system 423 diversification in cardinalfishes, specifically those adapted to extreme microhabitats, whereas many 424 show visual systems suited to broader microhabitat conditions. The colour vision of these nocturnal 425 foragers is presumably linked to daytime activities in and around coral heads and the close-set 426 nature of these social and other activities may in particular drive this site-system co-adaptation. 427
While there remains much to learn around the colours and their use in these engaging fish, our 428 findings indicate that the availability of diverse microhabitats contributes to evolutionary sensory 429 diversification among diverse ecosystems, such as tropical coral reefs, and perhaps in similar ways 430 in terrestrial systems. are indicated by numbers 1 -6. Significance levels of bootstrap analysis are designated by: 638 ** = p<0.01, * = p<0.05. (b) Mean (± SD) microhabitat (A -D: A, fully exposed away from 639 structure; B, fully exposed adjacent to structure; C, semi-hidden; D, entirely hidden) 640 distribution of species comprised in each microhabitat partitioning group (1 -6). 641 642 Genera without letters were excluded from the analysis (see Table S1 ). 649 650 651 
